Newcastle disease virus (NDV), formally recognized as avian paramyxovirus 1 (APMV-1), is the etiological agent of Newcastle disease, an affliction which can cause severe losses in domestic poultry production (3) . The virus is enveloped and has a negative-sense, single-stranded RNA genome of approximately 15 kb (8) which codes for six proteins, including an RNA-directed RNA polymerase (L), hemagglutinin-neuraminidase protein (HN), fusion protein (F), matrix protein (M), phosphoprotein (P), and nucleoprotein (N) (16) . Newcastle disease virus isolates are characterized by virulence in chickens and may be categorized into three main pathotypes depending on severity of disease (3) . Lentogenic isolates are of low virulence and may cause mild respiratory or enteric infections. Viruses of intermediate virulence that cause primarily respiratory disease are termed mesogenic, while virulent viruses that cause high mortality are termed velogenic. Velogenic forms of NDV are further classified as neurotropic or viscerotropic based on pathological manifestation (3, 4) . The highly virulent types are list A agents that require reporting to the Office of International Epizootes, and their occurrence results in quarantine and trade embargoes (25) .
Presently, the virulence of new NDV isolates is assessed primarily on the basis of in vivo tests, including the intracerebral pathogenicity index in 1-day-old chickens, the inoculation of embryonated eggs to determine mean death time of the embryo, and the intravenous pathogenicity index in 6-week-old chickens (4) . Additionally, the virulence of NDV isolates is known to be related to the amino acid sequence at the F protein cleavage site (9, 17, 20) and the ability of specific cellular proteases to cleave the protein of different pathotypes (11, 22) . Fewer basic amino acids are present in the fusion protein cleavage site of lentogenic NDV isolates than either mesogenic or velogenic strains, which have similar cleavage site sequences (20) . The Office of International Epizootes now accepts reporting of the F cleavage sequence as a primary virulence determinant (25) .
The first reported cases of the disease in poultry came from Java, Indonesia, and Newcastle-upon-Tyne during 1926, but the disease currently has a worldwide distribution (3) . In the United States, an epizootic of the disease in California during the 1970s threatened the entire U.S. poultry and egg industry and led authorities to destroy nearly 12 million chickens. That outbreak lasted 3 years and cost $56 million to control (36) . In October 2002, California again reported an outbreak of velogenic Newcastle disease (26) , also referred to as exotic Newcastle disease, when the strain is not endemic to the country of detection. At the time of this writing, officials are in the final phases of exotic Newcastle disease eradication, an effort that has involved the euthanization of approximately 3.9 million infected or exposed birds and the quarantining of over 19,000 premises in four southwestern states. The total cost of these control measures has been estimated to be approximately $188 million (Elizabeth Fitzsimons, The San Diego Union-Tribune, San Diego, Calif., 5 August 2003). In such a situation, the rapid and specific detection of NDV in suspected flocks would allow more efficient decision making and thus help limit these significant economic losses involved with containment of such an outbreak.
Presently, virus isolation in embryonated chicken eggs followed by hemagglutination inhibition assays with NDV-specific antibodies represent the reference standard for virus detection (24) . Although virus isolation is a sensitive and specific method, it takes several days to make a routine diagnosis. More rapid pathotyping methods based on reverse transcription (RT)-PCR followed by agarose gel electrophoresis (10, 14) , sequencing RT-PCR products (30), a heteroduplex mobility assay (6) , restriction endonuclease analysis of amplification products (7) , and the use of fluorogenic probes (2) have all been reported. Real-time PCR and real-time reverse-transcription PCR (RRT-PCR) offer the high sensitivity afforded by conventional RT-PCR with the advantage that a post-PCR processing step is avoided, which allows a savings in both time and material (for review, see reference 19). Here, we report development of an RRT-PCR assay with fluorogenic, hydrolysis-type probes that was used to detect NDV nucleic acid in clinical samples from experimentally infected chickens.
MATERIALS AND METHODS
Primer and probe design. The M gene sequences from 30 diverse NDV isolates from around the world were aligned with the ClustalW method available as part of the MegAlign program in the LaserGene sequence analysis package, version 5 (DNAStar, Inc. Madison, Wis.). Specific oligonucleotide primers and fluorogenic probes were designed with the Primer3 program (27) . One primerprobe combination, selected from a conserved region of the M gene, was designed to amplify as many NDV isolates as theoretically possible. A second primer-probe set was selected to specifically detect only one phylogenetic cluster of NDV isolates, the North America (N.A.) pre-1960 genotype, which includes common vaccine and challenge strains used in the United States (30) . This group of related strains is known as genotype II in the system proposed by BallagiPordany et al. (5) , Lomniczi et al. (18) , and Herczeg et al. (13) .
To detect exotic NDVs, particularly those from the 2002 California epizootic (26), the F gene sequence of several California isolates, related isolates from the Mexico 2000 outbreak (23) , and other velogenic isolates were aligned as described above. Primers were selected to surround the fusion cleavage site, and the hydrolysis-type probe was designed to anneal directly to the fusion cleavage site. The probe selected, designated VFP-1 (virulent fusion probe 1), was a modified version of probe 1V reported by Aldous and Alexander (2) . Primer and probe information is summarized in Table 1 .
Virus strains. APMV-1 isolates examined in this study are listed in Table 2 with strain designation, year, and country of origin along with virulence-type designation. All isolates have been described previously (6, (29) (30) (31) (32) , except for the current game chicken/US(CA)/02 isolate.
RNA extraction and RRT-PCR. For allantoic fluid and clinical swab samples, the Qiagen (Valencia, Calif.) RNeasy procedure was used to extract RNA following the manufacturer's recommended procedure for fluid samples with a vacuum manifold. For the RRT-PCR, the Qiagen one-step RT-PCR kit was used as previously described (34) , except 25-l reaction volumes were used.
Extensive optimization was performed on all three primer-probe sets on the following parameters: annealing temperature, MgCl 2 concentration, primer concentration, probe concentration, and primer ratios. The assays were developed for use on a SmartCycler (Cepheid, Inc., Sunnyvale, Calif.). For the F gene primers, the following amounts per reaction were used: 1 l of kit-supplied enzyme mix (including Hot Start Taq polymerase and RT), 5 l of kit-supplied buffer (5ϫ), 10 pmol of the reverse primer, 30 pmol of the forward primer, 6 pmol of probe, 0.8 l of kit-supplied deoxynucleoside triphosphate s (final concentration: 320 M each), 1.25 l of 25 mM MgCl 2 (combined with MgCl 2 in kit-supplied buffer, final concentration ϭ 3.75 mM) and 13 U of RNase inhibitor (Promega, Madison, Wis.). The reaction mixture for the APMV-1 and N.A. pre-1960 genotype M gene primers was the same as above except that the primers were used at 10 pmol each.
For each primer set, the RT step was 30 min at 50°C, followed by 15 min at 95°C. The cycling conditions for the APMV-1 matrix primers consisted of 40 cycles of 10 s of denaturation at 94°C, 30 s of annealing at 52°C, and extension at 72°C for 10 s. For the F gene primer set and N.A. pre-1960 M gene-specific set, the optimal annealing temperature was empirically determined to be 58°C.
Control RNA. In vitro-transcribed RNA was used for positive controls and for the determination of the limit of detection for the assay. For the F gene and the APMV-1 M gene primer-probes, game chicken/US(CA)/02 cDNA was amplified with primers M629F (5Ј-TCGAGICTGTACAATCTTGC-3Ј) at positions 3884 to 3903 on the full-length NDV genome and F581R (5Ј-CTGCCACTGCTAGT TGIGATAATCC-3Ј) at positions 5054 to 5078 in the full-length NDV genome (30) . This yielded a 1,195-bp product that spanned both the M and F gene target sites. The same primers were also used to amplify chicken/US/B1/48 cDNA. PCR products were cloned into TOPO-XL (Invitrogen, Carlsbad, Calif.) and linearized by endonuclease digestion at a unique site (either BamHI or SpeI) immediately downstream of the insertion. In vitro-transcribed RNA was generated from the T7 promoter following the manufacturer's recommendation (RiboMax kit, Promega Corp., Madison, Wis.). RNA was quantified spectrophotometrically following enzymatic removal of DNA.
Virus isolation and embryo titration. Virus isolation procedures in embryonated chicken eggs followed standard protocols (4). For virus titration standards, NDV isolates with a predetermined 50% egg infective dose (EID 50 ) were serially diluted in sterile brain heart infusion broth and used for RNA extraction.
Comparison with a previously published primer set. The sensitivity of the F gene primer pair was compared to that of an APMV-1 F gene primer pair recently described (7). The Creelan et al. (7) primer set, NDV F and 4829/F-5031, was developed for standard RT-PCR, so it was necessary to optimize this set for the RRT-PCR procedure for the following parameters: annealing temperature, MgCl 2 concentration, primer concentration, probe concentration, and (23) outbreak. It will also detect a wide range of other velo-and mesogenic strains ( Table 2) .
d Includes U.S. vaccine strains chicken/US/B1/48 and chicken/US/LaSota/46.
primer ratios for use with the VFP-1 probe. Direct comparisons of sensitivity were made with the in vitro-transcribed game chicken/US(CA)/02 RNA and 10-fold serial dilutions of RNA extracted from clinical samples from experimentally infected chickens. Phylogenetic analysis. Nucleotide sequence editing, analysis, and alignments were conducted with IntelliGenetics GeneWorks 2.5 software (IntelliGenetics, Mountain View, Calif.) and the LaserGene package. Phylogenetic analysis was performed utilizing the neighbor-joining method (28) with Phylogenetic Analysis using Parsimony (PAUP) software (35) . An avian paramyxovirus-2 sequence (APMV2/chicken/CA/Yucaipa/56; GenBank accession no. D13977) served as an outgroup (33) following 2,000 bootstrap replicates (12).
Detection of virus in samples from experimentally infected chickens.
For the first phase of the animal experiments, six groups of five 8-week-old Leghorn male chickens were inoculated by intraconjunctival instillation of 100 l of phosphatebuffered saline or one of five doses of game chicken/US(CA)/2002 virus. The doses for the five virus-inoculated groups were 10-fold serial dilutions ranging from 10 1.9 to 10 5.9 EID 50 /bird (see Table 4 ). Oropharyngeal and cloacal swabs were collected into brain-heart infusion broth on day 2 and day 4 postinfection from each bird for comparison of virus isolation to RRT-PCR.
The second group of animal experiments consisted of three sets of eight 8-week-old birds. Two of the groups received an initial intraocular vaccination of chicken/US/B1/48, at either a low (10 3.9 EID 50 ) or high (10 6.9 EID 50 ) dose (see Table 5 ). The third group received only phosphate-buffered saline. Seroconversion of vaccinated chickens was determined by a conventional microtiter hemagglutination inhibition method with 4 hemagglutination (HA) units of inactivated NDV-LaSota antigen (15) . At 2 weeks postvaccination, all birds, including controls, were challenged by intraconjunctival instillation of 10 5.9 EID 50 of game chicken/US(CA)/2002. Oral and cloacal swabs were taken at day 2, day 4, and day 6 postchallenge. Also, swab samples were obtained from all birds 3 days after vaccination.
Nucleotide sequencing. The full-length M gene and partial F gene sequence of the game chicken/US(CA)/02 virus were amplified with primers M26F (5Ј-TGT GCCAAGATGGACTCA-3Ј), corresponding to positions 3281 to 3298 on the full NDV genome, and F581R. The amplification product was cloned as described above, and double-stranded nucleotide sequencing reactions with fluorescently labeled dideoxynucleotide terminators were completed with an ABI 3700 automated sequencer (Applied Biosystems Inc., Foster City, Calif.). Nucleotide sequence editing and analysis were conducted with Lasergene software.
Nucleotide sequence accession number. The sequence game chicken/US(CA)/ 211472/02) has been deposited in GenBank and assigned accession number AY246050.
RESULTS
Primer and probe specificity for NDV isolates. The specificity of the primer-probe sets was examined with RNA extracted from a diverse array of NDV isolates collected worldwide ( Table 2 ). The NDV primer-probe set directed to the M gene detected every APMV-1 specimen tested and did not amplify the other APMV serotypes examined. The N.A. pre-1960 genotype set was only positive with members of the target group. Although the F gene primers were originally created to specifically amplify isolates from the California 2002 outbreak, they appear to have much broader specificity, as they could detect the vast majority of velogenic and mesogenic isolates examined when used in combination with the VPF-1 probe.
The phylogenetic relationship of the NDV strains used in this study is depicted in Fig. 1 Sensitivity with in vitro-transcribed RNA and detection during virus titration. Representative SmartCycler fluorographs illustrating sensitivity measurements are presented in Fig. 2 . Overall, the RRT-PCR primer-probe sets were capable of detecting from 10 2 to 10 4 copies of NDV RNA and as few as 10 infectious particles. For the APMV-1 M gene set, the procedure could consistently detect in the range of 10 3 copies of the target gene ( Fig. 2A) and approximately 10 EID 50 (Fig. 2B) . The minimum copy number that could be detected consistently with the F gene set was 10 4 (Fig. 2C) , and the procedure could detect an EID 50 of 10 3 (Fig. 2D) . For the N.A. pre-1960 genotype set, the limit of detection was in the range of 10 2 copies (Fig. 2E ) and 10 EID 50 (Fig. 2F) .
Comparison with a previously published F gene primer pair. With the in vitro-transcribed game chicken/US(CA)/02 RNA, the limit of detection for the Creelan et al. (7) primer set was approximately 10 5 copies of the target gene (data not shown). Table 2 . The phylogenetic tree was generated with the neighbor-joining method (28) following alignment of sequences. Numbers represent bootstrap confidence limits following 2,000 replications (12) with the avian paramyxovirus type 2 (APMV-2) sequence as an outgroup. 
FIG. 1. Phylogenetic analysis of nucleotide sequences from Newcastle disease virus fusion protein genes. Isolates include those examined by RRT-PCR as listed in
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We also directly compared 10-fold serial dilutions of RNA extracted from clinical samples from experimentally infected chickens (Table 3) . Generally, the F gene primers described in this investigation detected more samples and lower concentrations of RNA than the Creelan et al. (7) primer pair. Detection of virus in samples from experimentally infected chickens. During the first phase of the animal experiment, five groups of five birds each were inoculated with a serially increasing dose of game chicken/US(CA)/02. Virus isolation results and RRT-PCR results with both the F gene and APMV-1 M gene assays are presented in Table 4 With oral swabs the number of virus isolation positives that were also positive by both these assays increased to 89.5%.
Over the course of the second phase of the animal study, groups of chickens were vaccinated with either a high (10 6.9 EID 50 ) or low (10 3.9 EID 50 ) dose of chicken/US/B1/48. Birds were subsequently challenged 2 weeks later with 10 5.9 EID 50 of game chicken/US(CA)/02. All chickens in the vaccinated groups seroconverted, and all controls were uniformly negative prior to challenge. Both the low-and high-dose vaccinated groups had identical geometric mean hemagglutination inhibition titers of 256, although there was slight variation among individual titers.
The birds were swabbed 3 days postvaccination, and all oral swabs were positive for virus isolation and RRT-PCR with the N.A. pre-1960 genotype specific primer-probe set ( Table 5 ). As expected, these samples were all negative with the velogenspecific F gene primer-probe set. Two days after challenge with virulent NDV, five of the oral swabs from vaccinated birds were virus isolation positive. RNA extracted from the oral swab from vaccinated bird 470 was positive with APMV-1 M gene RRT-PCR, but the remaining samples were all negative. At this point, all the oral swab samples from the challenge controls were positive by both virus isolation and APMV-1 M gene RRT-PCR, and 62.5% of these were also positive with the F gene assay.
Swab samples from vaccinated birds at 4 days postchallenge were negative by virus isolation except for the oral sample from one bird (no. 476) that received the low dose of vaccine. Three of the combined 32 oral and cloacal swabs from this group were weakly positive by APMV-1 M gene RRT-PCR, but all were negative with the F gene RRT-PCR assay. At this time point (4 days postinfection), both cloacal and oral swab specimens from all the unvaccinated challenge controls were positive by all three methods.
Swabs taken 6 days after challenge showed that all the vaccinated birds remained negative by virus isolation except for the oral swab from bird 476. This specimen was the only one of the group that was also positive by both the F gene and APMV-1 M gene RRT-PCR.
DISCUSSION
The objective of this study was to develop a rapid real-time RT-PCR for detection and differentiation of Newcastle disease viruses in avian clinical samples. To accomplish this aim, we first focused on an assay designed to detect all APMV-1 isolates. Due to the known high sequence heterogeneity among APMV-1 genomes (18, 30, 31) , the design of PCR primers that can amplify every APMV-1 isolate has proven to be somewhat problematic (1) . The majority of such efforts have focused on the F gene (1), but an examination of the M gene sequence from a diverse array of isolates revealed a relatively conserved region near the 5Ј end of the gene (32) . Although the oligonucleotides used in this study are not an exact match to all APMV-1 isolates whose sequence is available in the databases, the most heterologous sequence examined, that of broiler chicken/Italy/3286/00, was still positive with the APMV-1 primer-probe combination. Evidently the RT-PCR conditions used were not too stringent to exclude isolates with a small number of primer-probe nucleotide mismatches, yet the assay was spe- cific enough to prevent a positive reaction with the other APMV serotypes tested. A similar phenomenon was observed with F gene primerprobe set. The original intention was to design primer-probe combinations useful for the rapid detection of RNA from the current game chicken/US(CA)/02 isolate for use in controlling the 2002-2003 outbreak of this virus in the southwestern United States. However, specificity testing of this set on a panel of isolates demonstrated that we could detect a diverse array of velogenic and mesogenic APMV-1 strains. The only member of the panel that was negative with this set, dove/Italy/ 2736/00, is an isolate known to have an unusual fusion cleavage amino acid sequence with five basic amino acids in series that includes a lysine residue at position 114 (39) . This is in contrast to most other APMV-1 strains, which have a glutamine at this position (30, 31) .
The N.A. pre-1960 primer-probe set was devised for use to detect vaccine strains, such as chicken/US/B1/48 and chicken/ US/LaSota/46, which may be present in clinical swabs from recently vaccinated birds. It bears mentioning that this test is not specific for all lentogenic strains; vaccine strains used outside the United States, such as chicken/Northern Ireland/Ulster/64 and chicken/Australia/QV4/66, form a separate phylogenetic cluster, genotype I (5, 13, 18, 30, 31) , that is not detected with this primer-probe set. The N.A. pre-1960 primer-probe set will also react positively with some virulent strains that are also members of genotype II originally found in North America pre-1960, such as chicken/US/BeaudetteC/52 and chicken/US(Texas)/GB/48. These isolates are not known to presently circulate among free-living birds or commercial poultry and are used currently only as experimental challenge strains (30, 31) .
The assays that targeted the M gene, both the APMV-1 and N.A. pre-1960 genotype, were substantially more sensitive than the F gene assay. It is unclear why this is the case, but it may be related to sequence-specific phenomenon such as secondary structure, primer-dimers, etc., that may occur with F gene primers or target. The one-step RT-PCR method used here, although providing ease of use and reduced chance for crosscontamination, is potentially less sensitive than two-step RT-PCR (21) . However, since this assay was designed to be used during an outbreak of exotic Newcastle disease where high throughput is important, the decrease in sensitivity was determined to be a necessary compromise.
During the first phase of the animal experiment, the correlation of M gene APMV-1 RRT-PCR-positive specimens with virus isolation positives over the two sampling days was 88.6% with oral swab samples but only 57.6% with cloacal swabs. However, the correlation of virus isolation positives from cloacal swabs to APMV-1 RRT-PCR positives increased to 94.1% (16 of 17) when the comparison was limited to samples collected at 4 days postinfection Fewer RRT-PCR-positive cloa- cal swabs among the early samples may be due to the presence of PCR inhibitors in these samples (38) , but it is more likely virus had not yet circulated systemically at this stage (1 to 2 days postinfection), and extensive shedding in the cloaca was therefore minimal. As may be expected by the sensitivity difference between the APMV-1 M gene assay and the velogenic F gene RRT-PCR, the APMV-1 primer-probe set consistently detected viral RNA earlier in the infection than the F gene set. However, by 4 days postinfection both sets were essentially equivalent in their ability to detect the game chicken/US(CA)/02 virus in both oral and cloacal sample types, with an overall positive correlation with virus isolation of Ͼ90%. The RRT-PCR assay is intended to be used to screen on a per flock basis, and the stage of infection will vary with individual birds. Therefore, negative results for the birds in the earliest stages of infection would be acceptable if other birds at later stages (Ͼ2 days postinfection) are sampled concurrently.
The second phase of the animal experiment demonstrated the efficacy of vaccination with chicken/US/B1/48. Among vaccinated chickens, virus could be isolated in only 5 of the 32 swab samples taken 2 days postchallenge. No virulent virus could be isolated from the vaccinated birds 4 days postchallenge, with the exception of the oral swab from bird 476, which was virus isolation positive as well as M and F gene RRT-PCR positive at 4 and 6 days postchallenge. Four swab samples were weakly positive with the APMV-1 M gene RRT-PCR but negative by virus isolation. Previous investigations have suggested that NDV isolation frequencies decrease following increased NDV antibody titers (10, 37) , so these results may be due to the effect of neutralizing antibodies.
In summary, we report a RRT-PCR assay for the detection of APMV-1 that correlates well with virus isolation yet offers the advantage of being much faster. Although the fact that viral nucleic acids were not detected in all samples that were virus isolation positive suggests that RRT-PCR cannot replace virus isolation completely on an individual sample basis, this technique should be useful for rapid screening and surveillance of at-risk poultry flocks.
